In 1942, Boyer, Lardy, and Phillips' showed that univalent cations were essential for the activity of pyruvic kinase. Since this discovery, the activities of many enzymes catalyzing seemingly unrelated reactions have been shown to depend oil appropriate univalent cation salts. Generally, K+, NH4+, or Rb+ are effective cofactors, Na+ is much less effective if at all, and Li+ and Tris+ fail to activate these enzymes. The concentrations of these cations necessary for maximum activity (usually 0.02-0.10 M) are of the same order of magnitude as the concentrations of K+ found in most cells.
pyruvic kinase reaction but failed to influence the Km for substrates. Evans et al.3 interpreted the results of similar observations of the kinetics of the acetic thiokinase reaction as indicating that K+ caused a conformational change in the enzyme protein resulting in the exposure of additional active catalytic sites.
There is indirect evidence based on studies using nuclear magnetic resonance,4-6 and more direct evidence from spectroscopic investigations,' that suggest that potassium causes conformational changes in the ternary complex pyruvic kinase-substrate-divalent cation. The correlation with activity is tenuous,6' and comparisons of the effects of univalent cations other than trimethylammonium and potassium have not been made.
The purpose of this investigation was to determine whether there were univalent cation-dependent changes in the physical organization of pyruvic kinase that could be detected by the use of immunochemical techniques. Materials Beers and Sizer, 10 protein by measurenment of its optical density at 220 ni/ in a 1-cm light path, and potassium by the use of flame photometry as described by Johnson aid Ulrich." Sucrose density gradient centrifugation: The procedure for sucrose density gradient centrifugation experiments was that described by Martin and Ames.'2 Protein (400 lug) was layered on the top of each 5-20% sucrose gradient and centrifuged at 117,000 g for 11 hr. Fractions of 0.15 ml were subsequently collected and diluted with 3 ml of H20 before recording their OD at 220 m/A.
Immunochemical methods: Guinea pigs weighing approximately 800 gm were injected subcutaneously each week with a 1-ml emulsion containing 0.5 ml of Freund's adjuvant'" and 0.5 ml of 0.5-2.0 mg/ml of enzyme protein dialyzed against 0.05 M potassium phosphate buffer pH 7.0 containing 0.001 M mercaptoethanol. Two guinea pigs were immunized against pyruvic kinase and two against catalase. Serum samples were collected from the heart before challenging with antigen (normal serum) and after the 6-week immunization program, and stored at -20'C. VOL. 54, 1965 PHYSIOLOGY: SORGER ET AL.
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Antibody titers, determined by the microprecipitin test,"4 were 1/256 for catalase antiserum (henceforth referred to as 0-As) and 1/32 for pyruvic kinase antiserum (PK-As).
The immunoelectrophoresis apparatus (LKB Instruments) consisted of a power source and two tanks, each containing an electrode and 800 ml of electrophoresis buffer which, unless otherwise indicated, contained in final concentrations: 0.05 M Tris phosphate, pH 7.5; 0.001 M mercaptoethanol; and 0.05 M concentration of an added dithizone-purified univalent cation salt. Between the two tanks were three 27-cm-long racks, each containing two rows of three microscope slides arranged end to end so as to bridge the gap between the electrodes (see Fig. 1 ). Each row of slides was covered with 10 ml of agar gel, containing in final concentrations (unless otherwise indicated): 0.05 M Tris phosphate pH 7.4; 0.001 M mercaptoethanol; 0.5% (w/v) Ionagar (Oxoid); 0.05 M concentration of an added dithizone-purified univalent cation salt. The slides closest to the positive electrode will always be referred to as column a, those closest to the negative electrode as column c, and those between a and c as column b.
A typical immunoelectrophoresis experiment was conducted as follows: approximately 1 JAl (0.7-1.0 jug protein) of pyruvic kinase, previously dialyzed (see Enzymes and reagents), or of catalase dissolved in water or 0.05 M potassium buffer pH 7.0 containing 0.001 M mercaptoethanol, or a mixture of the two, or of sheep serum, was added to each of the two side wells cut into the agar on each slide. The three racks of slides (6 rows), containing the applied samples were then subjected to electrophoresis under the conditions described in figure legends. At the conclusion of the electrophoresis, a rectangular trough ( Fig. 1 ) was cut out of the agar in the middle of each agar-covered slide, and filled with normal serum, or antiserum, previously diluted with 3 vol of distilled water. The slides were then incubated 16-20 hr in a humidity chamber to allow diffusion of the serum in the center trough toward the protein in the agar gel, and vice versa. The slides were rinsed for 20-24 hr with 1% NaCl, followed by 1 hr with distilled H20 to remove proteins not in the antigen-antibody lattice, and then air-dried. Subsequently, the slides were stained for 5 min with Amido Black, followed by 5 rinses with an aqueous acetic acid-methanol solution, as outlined in the LKB manual. '5 Results.-Immunoelectrophoretic behavior of pyruvic kinase in different univalent cationic environments: Two decidedly different immunoelectrophoretic patterns of pyruvic kinase subjected to electrophoresis through agar gels were obtained in the experiments shown in Figure 1 . One of these consisted of a single dense curved CATION When the univalent cation added to the gel was the same as that added to the electrophoresis buffer, no difference in immunoelectrophoretic patterns between the three replicate slides in the same row was observed (rows 2, 3, and 6 of Fig. 1 ). In contrast, when the univalent cation added to the agar covering the slides was different from the univalent cation added to the electrophoresis buffer, the slide in column a had an immunoelectrophoretic pattern characteristic of the cation in the electrophoresis buffer, whereas its replicates on the slides in columns b and c of the same row had a pattern characteristic of the cation in the gel (Fig. 1, rows 1, 4 , and 5).
It seemed logical that the differences in immunoelectrophoretic patterns in rows 1, 4, and 5 of Figure 1 were caused by a migration of cations from the positive to the negative electrode during the electrophoresis. If the species of univalent cation added to the agar gel were different from that added to the electrophoresis buffer, the migration of cations would result in a concentration gradient in the agar gel. This gradient would be expected to decrease from the positive to the negative electrode. This possibility was tested by conducting an experiment similar to that described in Figure 1 , but without antigen or antiserum. After electrophoresis, the agar gel on each row of slides was cut into 9 equal sectors, which were subsequently leached out with water and assayed for K+ (Methods). A decreasing concentration gradient in the agar gel from the positive to the negative electrode of the K+ which was originally present only in the electrophoresis buffer was observed in one experiment. The K+ originally present only in the gels was displaced from the agar on the slides closest to the positive electrode by the Tris+ in the electrophoresis buffer in another experiment. Figure 2 illustrates the effect of different univalent cations in the agar gel on the immunoelectrophoretic behavior of pyruvic kinase. The agar gel and contents on the slide in column c (that closest to the negative electrode) are the least affected by the univalent cation content of the electrophoresis buffer under the conditions of these experiments (Fig. 1) . For this reason, only slides from column c in each row are shown for the comparisons in Figure 2 . The slides covered with agar containing K+, Rb+, and Na+ show "K patterns" (Fig. 2, The latter two univalent cations have very similar but not identical effects on the immunoelectrophoretic behavior of the enzyme. When normal serum was used, no immunoelectrophoretic pattern was seen on the slides (column CKN).
Immunoelectrophoretic behavior of catalase and of proteins of sheep serum in different univalent cationic environments: The immunoelectrophoretic behavior of catalase was not influenced by the species of univalent cation in the agar gel of the electrophoresis buffer (Fig. 3) . No visible immunoelectrophoretic pattern was observed when normal serum was added to the slides instead of C-As (Fig. 3, column b) . In another experiment, sheep serum (courtesy of Dr. J. 0. Stevens) was subjected to electrophoresis for 11/2 hr at 8.1 4-0.2 v/cm, and 32 i 1 mA, through agar gels containing the basic components, and one of each of the added univalent cation salts (see Methods). The immunoelectrophoretic patterns were then developed as usual using undiluted antisheep serum gamma globulin (NBCo) also courtesy of Dr. J. 0. Stevens. The immunoelectrophoretic patterns observed, which comprised at least 8 distinct antigen-antibody bands, were not detectably different from each other in the agar gels containing the different univalent cations.
Effect of univalent cations on the sedimentation behavior of pyruvic kinase: Differences in the physical organization of an enzyme may be due to differences in the quaternary organization, i.e., in the state of aggregation of subunits, or to differences in ternary organization, i.e., in the conformation of the individual subunit(s). Pyruvic kinase, previously dialyzed against K+, was centrifuged through sucrose density gradients prepared in buffers containing K+, Li+, or Tris+. The position of the single protein peak was the same, within experimental error, regardless of the species of univalent cation in the gradient buffer. The position of the single peak of activity in other experiments corresponded to that of the protein.'6 If the state of aggregation of subunits were markedly affected by cations in the above experiments, the differences would be expected to be large enough to have been detected by the sucrose gradient technique.
Effect of manipulation of the cationic environment on the immunoelectrophoretic behavior of pyruvic kinase: Pyruvic kinase is reversibly activated and deactivated by changing the univalent cation environment of the enzyme. The possibility was examined, therefore, that the immunoelectrophoretic patterns of pyruvic kinase-PK-As may be reversed by manipulating the univalent cationic environment of the enzyme during electrophoresis. The 11/2 hr, Tris+, 10.0 ± 0.4 v/cm, 37 + 4 mA, and 7.4 and 7.5, respectively (rows 1 and 2); an additional 2'/2.hr, K 9.3 + 0.2 v/cm, 39 + 3 mA, and 7.4 and 7.5, respectively (rows 3 and 4). During the second part of the experiment rows 1 and 2 were replaced by agar-covered slides containing no enzyme.
(B) Pyruvic kinase was dialyzed against Tris+ (see Methods). The time of electrophoresis, predominant univalent cation in the electrophoresis buffer, voltage, current, and final pH values around the positive and negative electrodes were: 11/2 hr, K+, 5.8 + 0.4 v/cm, 37 +t 1 mA, and 7.5 and 7.6, respectively.
(C) Pyruvic kinase was dialyzed against K+ (see Methods). The time of electrophoresis, predominant univalent cation in the electrophoresis buffer, voltage, current, and final pH values around the positive and negative electrodes were: 1V/2 hr, Li+, 5.7 ± 0.3 v/cm, 41 + 1 mA, and 7.4 and 7.6, respectively (rows 1 and 2); an additional 21/2 hr, K + 4.9 + 0.5 v/cm, 40 i1= 0 mA, and 7.4 and 7.6, respectively (rows 3 and 4). Rows 1 and 2 were replaced by agar-covered slides containing no enzyme during the second part of the experiment.
The above experiments were repeated three times with very similar results.
VOL. 54, 1965
PHYSIOLOGY: SORGER ET AL.
1619
have been very similar to those on slides la and 2a, respectively, because until this point in the experiment, slides la, 2a, 3a, and 4a had been treated identically. Slides la and 2a are different, however, from slides 3a and 4a. The "K bands" in slides 3a and 4a are stronger than their counterparts on slides la and 2a, and the "Tris bands" are either weaker (slide 3a) than their counterparts in slides la and 2a or are imperceptible (slide 4a). Pyruvic kinase, previously dialyzed for 4 hr against a buffer containing only Tris +, was subjected to electrophoresis using a buffer that contained K+ (Fig. 4B) . All the slides in row 1 show a typical "K pattern." A gradient in the intensity of the "Tris pattern" was observed in row 2. The strongest "K band" and a weak "Tris band" are apparent in slide 2a, and the weakest "K bands" and relatively strong "Tris bands" are obvious in slides 2b and 2c.
The experiment represented in Figure 4C is analogous to that illustrated in Figure 4A , except that electrophoresis buffer containing Li+ was employed. The immunoelectrophoretic patterns on slides 3a and 4a should have been very similar to those on slides la and 2a, respectively, before electrophoresis with buffer containing K+, because until this point in the experiment the material on slides la, 2a, 3a, and 4a had been treated identically. After subsequent electrophoresis in buffer containing K+, the patterns were entirely different. Slides 3a and 4a showed "K patterns" rather than the "Tris patterns" observed in slides la and 2a.
The results indicate that the immunoelectrophoretic patterns obtained in Tris+ and in Li+, and those obtained in K+ may be interconverted by manipulating the cationic environment. If this observation is correlated with the reversible activation and deactivation of pyruvic kinase, similar recoveries of the enzyme from the agar gel might be expected after electrophoresis with buffers containing K+ or Tris+. Pyruvic kinase (13 ug) previously dialyzed against buffer containing K+ was subjected to electrophoresis for 2 hr, at 7.9 i 0.2 v/cm, and 33 i 2 mA, through agar gels containing added K+ or Tris+, using electrophoresis buffers that contained either added Tris+ or K+ (as in Fig. 1 ). The enzyme in the agar on each slide was then leached out with distilled water, and the leachate assayed for pyruvic kinase activity. The per cent recovery of activity in the leachate was similar in all cases, the average of the 10 samples tested being 71 ± 4 per cent.
Discussion.-The major object of this investigation was to obtain evidence concerning the mechanism whereby activating univalent cations play their essential role in enzyme catalysis. Attempts were made to detect postulated physical changes in solutions of crystalline pyruvic kinase by the use of immunoelectrophoretic techniques. The immunoelectrophoretic behavior of pyruvic kinase was strikingly influenced by the univalent cation species present in the environment of the enzyme (Figs. 1, 2, and 4) . Apparently both the mobility in an electric field and the diffusion properties of the enzyme are influenced by the cations. The "K band" moves further during electrophoresis than the "Tris band," and diffuses more readily through the agar.
The immunoelectrophoretic behavior of pyruvic kinase was similar when K+, Rb+, or Na+ was the major cation in the environment. Mildvan and Cohn, 5 I in that neither cations nor substrates were included in reaction mixtures. The univalent cation-dependent differences in immunoelectrophoretic patterns in this case, therefore, are not associated with a ternary complex of divalent cation, enzyme, and substrate, as was suggested by the studies of Mildvan and Cohn.6 It seems reasonable to postulate from the foregoing results that there are at least two major conformational species of pyruvic kinase. One conformational species (or more than one with similar properties) is apparently prevalent in an environment of Trise or Li+. This species would be expected to be catalytically inactive. Another conformational species, prevalent in a K+, Rb+, or a Na+ environment, would be expected to be catalytically active. The sedimentation behavior of pyruvic kinase protein in sucrose gradients was not significantly affected by the species of univalent cation present in the gradient. The postulated physical differences in the enzyme caused by the univalent cations in its environment would therefore probably not be due to differences in the aggregation of subunits.
On the basis of both the immunoelectrophoretic experiments (Fig. 4) and reports of the effect of univalent cations on enzyme activity,2' 9 it would appear that the two conformational forms of pyruvic kinase may be reversibly interconverted by changing the univalent cationic environment. Univalent cations with similar hydrated radii, i.e., K+, Rb+, and NH4+, are effective activators;2 Na+ which has a larger hydrated radius2 is less effective, and Li+ which has an even larger hydrated atomic radius2 is ineffective as an activator. The specific conformation of the enzyme protein that is essential for catalysis, or reactions leading to catalysis, may be dependent upon the type of univalent cation that is in contact with the protein molecule. The different species of univalent cations did not have any noticeable differential effect on the immunoelectrophoretic behavior of catalase and of proteins from sheep serum. The observed differences in immunoelectrophoretic behavior may therefore prove to be limited to enzymes activated by univalent cations. The above evidence with catalase and with proteins from sheep serum, and the striking correlation between the effect of the series of univalent cations on the activity and on the immunoelectrophoretic behavior of pyruvic kinase would suggest that the effects reported are not due to nonspecific ion binding.
Summary.-In the presence of univalent cations that are known to activate pyruvic kinase one pattern of immunoelectrophoresis ("K pattern") was obtained. In the presence of cations that fail to activate the enzyme another pattern ("Tris pattern") was observed. These differences in immunoelectrophoretic behavior must reflect differences in the physical organization of the enzyme. The differences are too subtle to be detected by sucrose density gradient centrifugation. M\anipula-tion of the univalent cationic environment results in the reversible interconversion of the immunoelectrophoretic patterns caused by Tris+ or Li+ and by K+. These results are consistent with the reported reversible activation and deactivation of the enzyme by certain univalent cation species. October 8, 1965 In 1961 the complete amino acid sequence of horse heart cytochrome c was reported.' Since then the sequences of a number of cytochromes c, mainly from vertebrates, have been investigated (see reviews by Smith and Margoliash2 and by Margoliash and Smith3). The only sequences of nonvertebrate cytochromes c reported have been those of the yeast, Saccharomyces cerevisiae,4 and the moth, Samia cynthia.5 Since all of these "mammalian-type" cytochromes c appear to be homologous in sequence, it is of obvious interest to extend our knowledge to other cytochromes c, both from the viewpoint of understanding evolutionary relationships as well as deriving further information concerning essential and replaceable resi-
